Abstract. Several contributions of the Thrace group to magnetospheric, solar, and planetary physics over the last three decades are summarized from the perspective of a paradigm shift in nonlinear plasma physics. The work by Dennis Papadopoulos on plasma instabilities has been a source of inspiration for our magnetospheric studies including the introduction of the chaos hypothesis. 
THE FIRST EXPERIENCE OF THE MAGNETOSPHERIC COMPLEXITY
In the last three decades the magnetospheric plasma has been widely explored as a natural laboratory of far-from-equilibrium plasma processes such as nonlinear instabilities and turbulence. One of the most important research goals is to understand the basic elements of the solar wind-magnetosphereionosphere interaction. Two areas of particular importance are magnetospheric energetic particle bursts and substorm development both of which have been pursued intensively since the 1970s and 1980s. Particle bursts (E≥300keV) were detected in the distant and near-Earth plasma sheet, in the magnetosheath, and upstream from the Earth's bow shock. Our research showed that their source lies within the plasma sheet [1] [2] [3] [4] . Furthermore, inside the plasma sheet and in the vicinity of the neutral sheet during strong or weak substorms local magnetic reconnection signatures were observed simultaneously with strong bulk plasma flows and energetic particle acceleration as well as plasma structures consistent with closed magnetic field structures, (i.e., magnetic islands) [5, 6] . In order to understand this magnetospheric phenomenology we have used the framework of nonlinear and non-equilibrium plasma theory and considered deterministic chaos as an appropriate paradigm of the observed dynamics. However, the hypothesis of magnetospheric chaos as well as our first results on the existence of a magnetospheric strange attractor obtained by time-series analysis were initially confronted with strong criticism [7] . The first mathematical model of magnetospheric chaos was developed by Baker et al. [8] and based on Shaw's leaky faucet model [9] . Klimas and coworkers [10] extended the dripping-faucet model by including magnetotail geometry and plasma processes. These results were further supported by a series of studies mostly based on chaotic analysis [11] [12] [13] [14] [15] [16] [17] . At the same time the concept of magnetospheric self-organized criticality (SOC) was introduced as an alternative to the low-dimensional magnetospheric chaos theoretically [18] and through data analysis [19] [20] [21] .
In the following we summarize some of our research since those early efforts aiming to the clarification of the complexity of the magnetospheric dynamics. We first present the magnetospheric selforganization concept as the theoretical base of the magnetospheric chaos hypothesis. Then we describe the criticism of the magnetospheric chaos hypothesis and the methodology that was developed by the Thrace group in order to refute this criticism. We describe a nonlinear magnetospheric model and then review results concerning the magnetospheric phase transition during substorms or superstorms. Finally, we describe the magnetosperic dynamics as a case of universality of far-from-equilibrium dynamics.
THE CONCEPT OF SELF-ORGANIZATION IN SPACE PLASMAS
The study of nonlinear plasma instabilities for the understanding of the development of energetic particle bursts and/or local magnetic structures (magnetic islands) in the plasma sheet [2] [3] [4] led to the wide area of chaos and complexity. According to Nicolis, Prigogine, Hakens and others, for physical systems far from equilibrium, new phenomena appear that are associated with global dynamics (long-range correlations). The system behavior far from equilibrium can be thought of as a phase transition in which the role of temperature corresponds to the progressive increase of non-equilibrium constraints [21] . These theoretical concepts were applied to the physics of magnetospheric and space plasmas [7, [15] [16] [17] [18] where the magnetospheric system was modeled as an open, nonlinear, dissipative system driven by the solar wind, so that the "transition of the magnetospheric system from quiet state to growth and subsequently to the expansion corresponds to a transition from a simple attractor to a chaotic or strange attractor" [7] . Similar concepts were developed later by our group for solar dynamics, the Jovian magnetosphere, atmospheric processes, seismogenesis, and brain dynamics [16, 17, 22, [48] [49] [50] [51] .
THE CRITICISM OF MAGNETOSPHERIC CHAOS AND ITS REFUTATION
The first studies including nonlinear analysis of magnetospheric data [11] [12] [13] [15] [16] [17] [24] [25] [26] as well as the hypothesis of magnetospheric chaos especially in relation to its experimental evidence [12, [27] [28] [29] were subjected to strong and fruitful criticism. The main points of that criticism were: a) The correlation dimension of AE index time series cannot be distinguished from that of a stochastic signal with the same power spectrum and amplitude distribution as the original data. b) There is no evidence for the existence of low-dimensionality according to their estimate of correlation dimension obtained by using the Takens method. c) There is some evidence for nonlinearity in the AE index time series, but it is not clear whether it is the result of intrinsic dynamics or of nonlinearities in the solar wind input. d) Because the magnetosphere is largely controlled by the solar wind this alone should provide evidence against the existence of a strange attractor in the AE index as the magnetosphere is a randomly driven non-autonomous system. e) There is little evidence for low dimensionality of or existence of an attractor in the AE index data.
The objection to the concept of low-dimensional chaos was further strengthened after the introduction of the concept of self-organized criticality (SOC) [19, 20, [30] [31] [32] [33] . With this circumstantial evidence Pavlos et al (1992a, b) [15, 16] introduced the term pseudo-chaos to discriminate the real low-dimensional chaotic dynamics from the stochastic and nonchaotic colored-noise processes. Furthermore, the Thrace group created an extended algorithm for the detection of low-dimensional chaos by the series analysis and the discrimination of chaos from stochastic processes which can mimic low-dimensional chaos. This algorithm includes the Wold decomposition theorem [34] , the theory of input-output systems and linearnonlinear filtering [35] [36] [37] , the embedding theory [38] , the singular value decomposition (SVD) theory [37] , the Lyapunov exponent theory [39] , the mutual information theory [40] , the prediction algorithms (global polynomials of Volterra-Wiener series and the local linear maps) and finally the theory of surrogate data [41, 42] .
This extended "chaotic" algorithm was tested successfully in a series of cases of known systems, autonomous or non-autonomous, low-dimensional and stochastic, externally driven, chaotic or non-chaotic, or coupled dynamical systems [43] [44] [45] [46] [47] . As far as the magnetospheric system is concerned, the application of the extended chaotic algorithm at two different types of magnetospheric data, in particular the AE index and the energetic ion time series, refuted all the above objections against magnetospheric chaos and showed characteristically the following: a) the indisputable existence of a low dimensional chaotic attractor related to the magnetospheric substorms; b) the existence of a stochastic magnetospheric process corresponding to the solar wind disturbance.
Similar characteristics were found for Jovian magnetospheric activity [22] , solar activity [48] [49] , brain activity [50] , as well as at seismic processes [33, 51] . The dual character of magnetospheric behavior, namely of low-dimensional chaos and highdimensional (stochastic) profile [22, 43, 47] resulted from the experimental detection of complex magnetospheric dynamics.
MODELING MAGNETOSPHERIC ACTIVITY BY A NONLINEAR ELECTRIC CIRCUIT
The magneto-hydrodynamic description (MHD) of the magnetospheric system can strengthen the hypothesis of magnetospheric chaos since MHD systems can reveal chaotic dynamics. MHD strange attractors were reported for the solar plasma [52] as well as for the magnetospheric convection dynamics [53] . Pavlos et al. [17] extended the magnetospheric equivalent linear electric circuit of Liu et al. to a nonlinear magnetospheric electric circuit. The solution of this nonlinear model also showed the existence of a magnetospheric low dimensional strange attractor. Further extension and study of the nonlinear magnetospheric circuit chaos was given by Horton et al. [54] .
THE NON-EQUILIBRIUM MAGNETOSPHERIC PHASE TRANSITION
According to modern theoretical concepts the magnetosphere can really exhibit a dual character: a global coherent dynamics modeled as a first-order phase transition and a multi-scale turbulent and intermittent behavior interpreted as the manifestation of a scale-free self-organized criticality corresponding to a second-order phase transition [55] [56] . This is consistent with our previous experimental results by the applications of chaotic analysis. Moreover, in recent studies [57, 59] new results were reported concerning the magnetospheric phase transition from a high-dimensional SOC state to a low-dimensional chaotic state. These results were obtained by using in situ plasma sheet observations. As far as we know, this is the first time that the non-linear and chaotic analysis of in situ plasma sheet observations confirmed a nonequilibrium magnetospheric phase transition.
SPACE PLASMAS AS A PARADIGM OF BROAD UNIVERSALITY IN NON-EQUILIBRIUM DYNAMICS
Far-from-equilibrium space plasma dynamics can be described by a stochastic Langevin equation or its probabilistic equivalent, the Fokker-Planck equation. According to Chang et al. (1978) [60] the behavior of such a nonlinear stochastic system can be described by the probability density functional (P) defined by the stochastic Lagrangian of the system (L). Moreover, renormalization group theory can be used to reveal the existence of fixed points which can be important depending upon the external perturbation [61] . From this point of view, the SOC and low-dimensional chaos correspond to distinct fixed points towards which the system can move after an external perturbation.
Generally, the change of the critical state can reveal different dynamical scenarios corresponding to local instabilities (second-order phase transition) or global instabilities involving global coherence (firstorder phase transition). These theoretical concepts justify our original conviction about the relevance of magnetospheric chaos to magnetospheric substorms and other phenomena. At the same time, the unification of magnetospheric chaos and highdimensional dynamical processes (SOC) was reported by us and other scientists. Moreover, the above theoretical description of the far-from-equilibrium complex dynamics reveals the magnetospheric dynamics as paradigmatic of non-equilibrium selforganization among space plasma systems. 
